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APPARATUS FOR PHOTOREFRACTIVE TWO
BEAM COUPLING

FIELD OF THE INVENTION

The present invention relates to an improved process
for photorefractive two-beam coupling and to a holo-
graphic storage device which uses such a process.

BACKGROUND OF THE INVENTION

The photorefractive effect involves light-induced
charge redistribution in a nonlinear optical material to
produce internal electric fields which by virtue of the
optical nonlinearity, produce local changes in the index
of refraction such that dynamic, erasable holograms are
formed which diffract light. The photorefractive effect
is achieved by exposing the material to an optical inten-
sity pattern consisting of bright and dark regions, such
as formed by interfering two coherent laser writing
beams. Mobile charge generated in the material mi-
grates under the influence of diffusion and drift pro-
cesses to form internal space charge electric fields, i.e.,
a charge grating. Since the nonlinear material has an
electro-optic effect, the electric field from the charge
grating produces a grating in the optical index of refrac-
tion which causes light diffraction during readout. An
important additional property of some photorefractive
materials is asymmetric two beam coupling, which oc-
curs when the pattern of index of refraction changes is
spatially shifted from the original bright and dark opti-
cal intensity pattern. Asymmetric two beam coupling
can be observed when two coherent beams are over-
lapped in the material and the optical power of the two
transmitted beams is measured by art known techniques.
Asymmetric two-beam coupling occurs if the optical
power of one of the two beams decreases while the
optical power in the other beam increases during grat-
ing formation. It is most advantageous if the beam
which has increased in optical power realizes net power
gain even with the photorefractive material absorption
considered.

Inorganic crystals exhibiting the photorefractive ef-
fect are well known in the art as described in Génter
and Huignard, “Photorefractive Materials and Their
Applications”, Vol. I and II (“Topics in Applied Phys-
ics” Vols. 61 and 62) (Springer, Berlin, Heidelberg
1988). Inorganic photorefractive crystals have been
fabricated into optical articles for the transmission and
control (change phase, intensity, or direction of propa-
gation) of electromagnetic radiation. Several inorganic
crystals exhibit net gain in two beam coupling such as
BaTiOs, Bi12Si020, and SrxBaj_xNbyOg¢ as summarized
for example by Yeh in Applied Optics, Vol. 26, p. 602,
1987. Net gain is essential to several applications such as
self-phase conjugation, novelty filtering, optical limit-
ing by beam fanning as described for example by Fein-
berg in Physics Today, Vol. 41, p. 46, October 1988.

However, it is technically difficult to fabricate such
crystals into desired thin layered devices such as optical
waveguides or multiple layer stacks. Further, it is chal-
lenging to dope crystalline materials with various differ-
ent dopants to achieve desired property improvements
such as increases in the speed and/or magnitude of the
photorefractive effect because dopants are often ex-
cluded from the crystals during growth.

Schildkraut et al. U.S. Pat. No. 4,999,809 (issued Mar.
12, 1991) discloses polymeric materials which are de-
scribed as being photorefractive, Ducharme et al., U.S.
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Pat. No. 5,064,264 (issued Nov. 12, 1991) discloses cer-
tain polymeric materials which are shown to be
photorefractive. These polymeric materials can be fab-
ricated into thin layered devices such as optical wave-
guides or multilayer stacks. Further, they can be readily
doped with organic materials to improve the photore-
fractive effect. Generally, an external electric field is
required in order to assist in the charge redistribution
process. As a result of the applied field, a nonzero phase
shift can occur between the index of refraction grating
and the optical light pattern. At sufficiently high ap-
plied electric field, polymeric photorefractive materials
have been shown to exhibit asymmetric two-beam cou-
pling as described by Walsh and Moerner in the Journal
of the Optical Society of America B: Optical Physics,
Vol. 9, p. 1642 (1992), the disclosure of which is incor-
porated herein by reference. However, there has been
no disclosure of net gain in photorefractive two-beam
coupling for polymeric photorefractive materials.
There still is a need in the art for a process for net two-
beam coupling gain with polymeric photorefractive
materials.

It is therefore an object of the present invention to
provide an improved process for photorefractive two-
beam coupling resulting in net gain. Other objects and
advantages will be apparent from the following disclo-
sure.

SUMMARY OF THE INVENTION

The present invention relates to a process for produc-
ing net gain in photorefractive two beam coupling com-
prising exposing a polymeric optical article to an exter-
nal electric field and to two intersecting beams of coher-
ent electromagnetic radiation. The optical article com-
prises three components: (i) at least 50% by weight of a
charge transporting polymer having an absorption coef-
ficient at the wavelength of the incident radiation of less
than 0.1 cm—1; (ii) 2 non-linear optical chromophore
which when oriented by the external electric field im-
parts to the optical article at the wavelength of incident
radiation sufficient optical nonlinearity to provide a
change in the optical index of refraction per unit elec-
tric field of greater than 0.1 picometer per Volt (pm/V)
and (iii) a sensitizer. The sensitizer absorbs preferably at
least about 80% of total radiation which is absorbed by
the optical article. Preferably the total optical absorp-
tion by the article is less than 10 cm— 1. Preferably the
wavelength of incident radiation is greater than 650 nm
and more preferably greater than 700 nm.

A more thorough disclosure of the present invention
is presented in the detailed description which follows.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention relates to a process for produc-
ing net gain in photorefractive two beam coupling. As
used herein, net gain in photorefractive two beam cou-
pling shall mean an increase in the optical power of one
of two intersecting coherent light beams transmitted
through and intersecting in a photorefractive optical
article where the increase in optical power is greater
than the optical loss due to absorption by the optical
article. Net gain in photorefractive two-beam coupling
can be expressed as follows:

T—a>0
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where T is the two-beam coupling gain coefficient in
inverse length units and « is the optical loss coefficient
in the same inverse length units, for example, cm—!.
Preferably, net gain is greater than 1 cm—1L.

In the process of the present invention, two coherent
light beams of the same polarization preferably having
the same wavelength are overlapped in a photorefrac-
tive optical article. Preferred sources of coherent light
beams are lasers and other light sources with high co-
herence. Preferred lasers are krypton ion, argon ion,
titanium sapphire, dye, diode, and neodymium doped-
yttrium aluminum garnet lasers. Preferably, the light
has a wavelength greater than about 650 nm, more
preferably greater than about 700 nm and most prefera-
bly greater than about 750 nm. The two incident beams
are focused so that they intersect within the interior
bulk of the optical article. The light beams have the
same polarization and sufficient spatial and temporal
coherence so that a pattern of bright and dark light
fringes is produced in the bulk of the article. Preferably,
this light pattern is stationary as is the case when both
beams have the same wavelength. In the case that the
beams have slightly different wavelengths, the bright
and dark fringe pattern moves slowly enough so that
charge redistribution can still occur.

The photorefractive optical article can be freestand-
ing or alternatively can be disposed in a waveguide,
fiber, thin rod, or a multiple layered article consisting of
a stack with multiple photorefractive polymer layers
alternated with inert transparent layers. The optical
article contains means by which an external electric
field can be applied to the material to provide for poling
orientation of the NLO chromophore and for efficient
charge generation and redistribution in the presence of
the intersecting light beams. The methods for making
such optical articles, overlapping the coherent laser
beams in the article, and applying external electric fields
are disclosed in Giinter and Huignard (ref. above) Fein-
berg (ref. above) and Walsh and Moerner (ref. above)
which are each incorporated herein by reference. The
photorefractive optical article for use in the process of
the present invention comprises a charge transporting
polymer, a nonlinear optical chromophore and a sensi-
tizer.

The first component of the optical article is the
charge transporting polymer. The article comprises at
least about 50% by weight of the charge transporting
polymer, preferably at least about 60% by weight, and
more preferably at least about 70% by weight of the
polymer. The polymer will generally have a molecular
weight Mn of about 1,000 to 107- The polymer prefera-
bly is substantially amorphous to avoid scattering of
incident light beams. Further, the charge transporting
polymer has a low absorption coefficient at the wave-
length(s) of the incident radiation of less than about 0.1
cm—1 preferably less than about 0.01 cm~1. The poly-
mer functions to transport migrating charge to create
space charge fields within the article thereby creating
refractive index variations due to the optical nonlinear-
ity. Preferably, the polymer has a glass transition tem-
perature near or above the process operation tempera-
ture to enable free rotational orientation of the NLO
chromophores during the poling process. Suitable
charge transporting polymers for use in the process of
the present invention include poly(vinyl carbazole),
poly(silanes), poly(para-phenylene vinylene), poly(ani-
line), and other charge transporting polymers as known
in the art.
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The second component of the optical article for use in
the process of the present invention is a nonlinear opti-
cal chromophore (NLO chromophore). The organic
molecule serving as the NLO chromophore has unsym-
metrical, polarized, conjugated o or 7 electrons be-
tween an electron donor group and an electron accep-
tor group. The NLO chromophore has an electric di-
pole moment in the ground electronic state. When ori-
ented under the influence of the applied external elec-
tric field, the NLO chromophores for use in the process
of the present invention impart to the optical article a
high nonlinear optical response, i.e., a change in the
optical index of refraction per unit applied field of
greater than 0.1 pm/V at the wavelength of the incident
radiation. NLO chromophores can be substituted with
solubilizing groups such as alkyl or perfluoroalkyl or
alkoxy which are not significantly detrimental to the
nonlinearity and which may impart other useful proper-
ties such as solubility and miscibility with the host poly-
mer. Preferably, the NLO chromophores are dispersed
in the charge transporting polymer. However, in some
cases, the NLO chromophore can be optionally cova-
lently bonded to the charge transporting polymer. Pre-
ferred NLO chromophores for use in the process of the
present invention are

1. (+)-2-(a-methylbenzyl)amino-5-nitropyridine
(MBANP)

2. 4-piperidinobenzylidenemalononitrile (PDCS)

3. 2-trifluoromethyl-4-nitro-4'-methoxystilbene
(MTFNS)
4. 1,3-dimethyl-2,2-tetramethylene-5-nitroben-

zimidazoline (NEEDLE), and
5. a substituted styrene having the general structure

Re

wherein D is an electron donating group such as alkoxy,
aryloxy, thioalkyl, thioaryl, amino, alkylamino,
arylamino which is located preferably in the para posi-
tion;

wherein A;is one or more of the electron withdraw-
ing groups such as (i) nitro, cyano, sulfonyl, carbonyl,
alkoxycarbonyl and which number j=1, 2 or 3 and are
attached to the styrene at the Birans, Beis OF @ positions
and (ii) the electron withdrawing groups such as ni-
trovinyl, dicyanovinyl tricyanovinyl and nitrophenyl
attached to the Byqns position;

and wherein Ry is a substituent on the aromatic ring
such as halo, alkyl, perfluoroalkyl and alkoxy which
influences the transparency, nonlinearity and solubility
of the chromophore.

For the PVK host polymer, the preferred styrene
NLO chromophore is trans-3-fluoro-4-N,N-die-
thylamino-8-nitrostyrene (FDEANST). For the poly(-
silane) host polymer, the preferred styrene NLO chro-
mophore is 3-fluoro-4-N,N-diethyl-B-methyl-B-nitros-
tyrene (F-DEAMNST).

The optical article also comprises a sensitizer. To
increase the efficiency of the process of the present
invention, the sensitizer absorbs at least about 70% of
total radiation which is absorbed by the optical article
preferably at least about 80%. The absorption by the
sensitizer can be determined by measuring absorption of
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the article with and without the sensitizer. Preferably
the total optical absorption by the article is less than 10
cm—!. The sensitizer in some cases can form a complex
such as with the charge transporting polymer or with
the NLO chromophore. In the case that the sensitizer
forms a complex, the complex should absorb' at least
about 70% of total radiation which is absorbed by the
optical article preferably at least about 80%. Suitable
sensitizers for use in the process of the present invention
include tri-nitrofluorenone (TNF), fullerenes such as
Csoand C70, perylene dyes such as perylene dicarboxyi-
mide, squaryllium dyes, charge transfer complexes such
as anthracene/tetracyanoquinodimethane, and mole-
cules with oxidation potential greater than carbazole
and with optical absorption preferably in the wave-
length region greater than 650 nm. Other sensitizing
agents will be known in the art such as those disclosed
in U.S. Pat. No. 5,064,264, the disclosure of which is
incorporated herein by reference. The sensitizer or a
charge transfer complex formed by the sensitizer ab-
sorbs the incident light and generates the mobile charge.
Preferably, the quantum yield of mobile charge genera-
tion, which is the number of mobile charges generated
per sensitizer molecule per photon absorbed, is greater
than 1 percent, more preferably greater than 10 percent,
and most preferably greater than 90 percent. Generally,
the article comprises about 0.01 weight % to about 10
weight % of the sensitizer, preferably less than 1.5
weight %. Because the sensitizer comprises such a small
portion of the article, there is minimum absorption of
incident light by the article and the total absorption of
light by the optical article preferably is less than 10
cm—L

The internal space charge field formed in the charge
transporting polymer depends upon trapped electrons
or holes for its source. In many polymeric materials, the
trapping sites are accidental, due to defects and impuri-
ties in the amorphous polymer matrix. Space charge
trapping can be enhanced if desired, by the deliberate
incorporation of trapping species into the optical arti-
cle. When the charge transport agent is an electron
donor, transporting holes, trap sites can be provided by
the incorporation of a second donor of lower oxidation
potential as disclosed for example in Ducharme et al.
When the charge transport agent is an electron accep-
tor, transporting electrons, trap sites can be provided by
the incorporation of a second acceptor of greater elec-
tron affinity.

The process of the present invention can be utilized in
a variety of applications such as optical phase conjuga-
tion, optical beam deflection, optical interconnection,
coherent optical amplification, novelty filtering, and the
like. The process of the present invention is particularly
useful in coherent light amplification, optical limiting,
beam fanning and self-phase conjugation.

The present invention also relates to a process for
holographic storage and a holographic storage device.
The process for holographic storage of the present
invention generally involves exposing a photorefractive
optical article to an external electric field and to two
intersecting beams of coherent light having the same
polarization and a wavelength greater than 700 nm. One
of the two beams is a non-information-bearing reference
beam, preferably a collimated or weakly focused beam
with nearly planar phase fronts. The second beam is the
information-bearing signal beam, which in general has a
complicated phase front and has a complicated trans-
verse intensity distribution. Information in the form of
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parallel blocks of data is impressed on the signal beam
by passing it through a mask or page composer that
modulates its transverse phase or intensity profile. The
photorefractive optical article records the hologram as
a complicated three dimensional spatial pattern of index
of refraction variation, which is mathematically equiva-
lent to the Fourier superposition of a multiplicity of
sinusoidal index gratings, each with a distinct ampli-
tude, spatial frequency, and spatial phase. After an ap-
propriate strength of the overall index of refraction
variation is reached, the reference and signal beams are
shut off.

The information recorded in the hologram can be
read out by illuminating the photorefractive optical
article with a duplicate of the original reference beam.
The index of refraction variations produced by the
writing process diffract light from the readout beam to
form a reconstruction of the original information bear-
ing signal beam which originates within the photore-
fractive optical article and propagates through free
space beyond the article. The holographically recorded
data is then recovered by using standard optical ele-
ments to capture the reconstructed beam and form a
real image of the plane of the page composer on 2 high
resolution detector array.

When the photorefractive article is thick compared
to the inverse of the dominant spatial frequency compo-
nent of the recorded hologram, multiple holograms can
be multiplexed in the same spot on the photorefractive
article by varying the angle of incidence of the refer-
ence beam, so that each hologram is produced by a
separate angle of intersection of reference and signal
beams during the writing process. Selected holograms
are then read out by illuminating the same spot on the
photorefractive article with readout beams that dupli-
cate the particular reference beam used in the recording
process, including the same angle of incidence. (As
described by D. L. Staebler, et al., Appl. Phys. lett. 26,
(1975) 182.) Alternatively, multiplexing can be achieved
by encoding the phase fronts of each reference beam (as
described by C. Denz, et al., Optics Communications
85, (1991), pg 171-176) or by varying the laser wave-
length used to form the reference, signal, and readout
beams.

The present invention also relates to a holographic
storage device comprising:

1) a photorefractive polymeric optical article com-
prising at least 50% by weight of a charge transporting
polymer having an absorption coefficient at wave-
lengths greater than 700 nm of less than 0.1 cm—1, a
nonlinear chromophore which when oriented by an
external electric field provides the article with a change
in the index of refraction per unit applied field of greater
than 0.1 pm/V, and a sensitizer, which provides at least
about 70% of the total absorption of radiation by the
optical article at wavelengths greater than 700 nm;

2) means for forming and intersecting two beams of
coherent electromagnetic radiation of the same polar-
ization (the reference and signal beams) in the article
where the beams have a wavelength greater than 700
nim; :

3) means for applying an external electric field, and

4) means for impressing spatial information on the
signal beam.

Preferably, the device is provided with means for
controlling the reference beam’s phase or angle. The
operational parameters for holographic process storage
and components for holographic storage devices are
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well known in the art for crystalline photorefractive
materials such as disclosed in Collier et al., Optical
Holography, Chapter 16, Academic Press (1991), the
disclosure of which is incorporated herein by reference.

The following examples are detailed descriptions of
the process of the present invention. The detailed prepa-
rations fall within the scope of, and serve to exemplify,
the more generally described methods set forth above.
The examples are presented for illustrative purposes
only, and are not intended as a restriction on the scope
of the invention.

EXAMPLE 1—Synthesis
(4-n-Butoxyphenyl)ethyldichlorosilane

Mg shavings (15.9 g, 0.66 mol) were placed in an
oven-dried, argon-filled 2 L 3-neck flask equipped with
thermometer, condenser, addition funnel and argon
inlet. 180 mL dry THF (Na/PhyCO) was added and the
magnesium was stirred for about 20 minutes with sev-
eral drops of 1,2-dibromoethane. Para-n-butoxyphenyl-
bromide (previously distilled off CaHj;) (100 g, 0.44
mol) was dissolved in 340 mL THF and added dropwise
to the magnesium. After some initial heating with a
heatgun, the solution refluxed gently during the 1 h
addition. The solution was heated to reflux for an addi-
tional 4 h, then cooled to room temperature and filtered
through a glass wool plug into an addition funnel. The
addition funnel was fitted onto a 2 L flask fitted with a
condenser and mechanical stirrer and charged with 200
mL Et;0 (new can) and EtSiCl;3 (previously distilled off
CaHy) (72 g, 0.44 mol). The Grignard solution was
added dropwise with stirring, first at 0° C., then at ambi-
ent temperature, over about 15 hours. The resuiting
white mixture was stirred for an additional hour. The
mixture was filtered through a pad of oven-dried Celite
and washed with 300 mL Et;O. The brown flitrate was
concentrated on a rotary evaporator. The residue was
washed with 500 mL hexane and the precipitate re-
moved by filtration through a second Celite pad. The
hexane was removed on a rotary evaporator, and the
residue was Kugelrohr distilled (110-130° C./ <10 pm
Hg). The distillate was redistilled off CaH; through a
short-path distillation apparatus (95° C./15-nm Hg).
Yield: 52 g (43%).

Polymerization of
(4-n-Butoxyphenyl)ethyldichlorosilane

Sodium spheres (4 g, 0.17 m) were dispersed in 50 mL
refluxing dry toluene. 25 mL additional toluene was
then added. (4-n-Butoxphenyl)ethyldichlorosilane
(21.75 g, 0.078 mol) was dissolved in 20 mL toluene and
added dropwise via syringe pump at 0.7 mL/min to the
sodium dispersion as it was stirred at 65-74° C. with a
Teflon stirrer. After the 50 min addition, the reaction
mixture was stirred for an additional 2 h. In succession,
40 mL toluene, 5 mL isopropanol and 70 mL toluene
were added. The solid was removed by filtration
through a “C” frit. The tiltrate was washed with 3 X 100
mL H0 and dried over MgSO4. 100 mL MeOH were
added to the tiltrate. The resulting precipitate was dried
in a vacuum oven for 3 days (2 g, 12%). 1 g of the white
solid was dissolved in 100 mL toluene with stirring
overnight, then added dropwise to 150 mL isopropanol.
The gooey solid precipitate was collected and dried in a
vacuum oven to yield 0.5 g.
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8
M(GPC)=473,000(PDI=2.6)To(DSC) . 56° C.
TGA: 99.5% intact at 300° C.; 80.5% remaining at
398° C. UV:Amax(thin film)350 nm.

4-piperidinobenzylidenemalononitrile (PDCS)

This compound was prepared by the method of Brun-
skill, et. al., Synthetic Communications, 8 (1)1-7 (1978);
and had mp 125-126°, [lit! mp 126-127°]: 'H NMR
(CDCIl3)51.60-1.80 (brs, 6H), 3.40-3.60 (m, 4H), 6.83 (d,
J=9, 2H), 7.41 (s, 1H), 7.77 (d, J=9, 2H); 13C NMR
(CDCIl3) ppm 24.311, 25.421, 48.037, 71.990, 112.969,
114.933, 116.032, 119.670, 134.022, 154.435, 157.775.

3-fluoro-4-diethylaminobenzenecarboxaldehyde

In a 250 mL round bottom flask equipped with stir-
bar, condenser and nitrogen inlet was placed 3,4-
difluorobenzaldehyde (25.0 g, 176 mmol), dimethylsulf-
oxide (50 mL) and diethylamine (38.6 g, 528 mmol). The
resulting solution was boiled gently for 6 hr at which
time thin layer chromatography indicated all the di-
fluorobenzaldehyde was consumed. The solution was
cooled and transferred to a separatory funnel with ethyl
acetate and water. The phases were separated, the or-
ganic phase washed well with water, dried (MgSOy)
and filtered through a short pad of silica gel. Silica gel
(50 g) was added to the filtrate and the mixture concen-
trated to dryness. This material was placed at the top of
a column of silica gel and eluded with a gradient of
ethylacetate in hexane (0—4%). Concentration of the
pure fractions by rotary evaporation afforded a light
brown oil (31.97 g, 92%) of sufficient purity for subse-
quent transformations: IR (CClg)1695 cm—!; IH NMR
(CDCl13)89.70 (s, 1H), 7.41-7.50 (m, 2H), 6.78 (t, J=
8Hz, 1H), 3.39 (q, J=7 Hz, 4H), 1.20 (t, J=7 Hz, 6H),
13C NMR (CDCl) ppm 189.048, 151.901 (d, J=244
Hz), 142.844 (d, J=8 Hz), 127.880. 126.244 (4, 6 Hz),
116.433 (d, J=23Hz), 115.316 (d, 5 Hz), 45.845 (d,
J=6Hz), 12.858 d,J=1 Hz).

3-fluoro-4-N,N-diethylamino-S-nitrostyrene
(FDEANST)

In a 500 mL round bottom flask equipped with stirbar
and nitrogen inlet was placed 3-fluoro-4-die-
thylaminobenzaldehyde (9.76 g, 50 mmol), nitrometh-
ane (6.5 g, 100 mmol), methanol (50 mL) and ethylene-
diamine diacetic acid salt (0.90 g, 5.0 mmol). The result-
ing solution was stirred at room temperature for 36 hr
and then chilled in an ice bath and the crystalline prod-
uct isolated by suction filtration, washed well with cold
methanol and air dried. The red crystals were further
purified by one more crystallization from methanol,
(6.46 g, 54%): mp 73.3-74.0°; TH NMR (CDCl3) 87.90
(d, J=14 Hz, 1H), 7.46 (d, J=14 Hz), 7.22-7.13 (m, 2H),
6.77 (t, J=9 Hz, 1H),3.40(q,J=7 Hz, 4H), 1.21 (t, J=7
Hz, 6H); 13C NMR (CDCl3) ppm 152.186 (d,
J=244Hz), 141.360 (d, J=8 Hz), 138.739 (d, J=2 Hz),
133.452, 127.320, 118.848 (d, J=8 Hz), 116.735 (4,
J=19Hz), 116.513, 45.998 (d, J=5 Hz), 13.04. Anal.
Calcd for C12H ) sFN20s: C, 60.49; H, 6.34; N, 11.75; F,
7.97. Found: C, 60.58; H, 6.27; N, 11.97; F, 7.97. Addi-
tional product could be obtained by combination of the
mother liquors and chromatography.

2-trifluoromethyl-4-nitro-4'-methoxystilbene (MTFNS)

In a 250 mL round bottom flask equipped with stir-
bar, reflux condenser and nitrogen inlet was placed
2-bromo-5-nitrobenzotrifluoride (5.40g, 20 mmol), 4-
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vinylanisole (2.95 g, 22 retool), NMP (20 mL), tris[2-(2-
methoxyethoxy)ethyllamine (TDA-1) (0.65 g, 2.0
mmol), potassium carbonate (4.2 g, 30 mmol) and palla-
dium chloride (0.035 g, 0.20 retool). The resulting slurry
was gradually warmed up to 140° and maintained at that
temperature for 4 hr. The mixture was then cooled and
water (200 mL) was added dropwise with stirring. The
oily aqueous layer was decanted and replaced by more
water (200 mL) and the resulting suspension was stirred
and the black solid isolated by suction filtration, washed
well with water and then air dried. The crude product
was transferred to an Erlenmeyer flask containing Ben-
tonite clay (5 g), silica gel (5 g) and methylcyclohexane
(150 mL). The slurry was boiled with stirring, hot fil-
tered and upon cooling the product was isolated from
the filtrate as light yellow crystals, (3.30 g, 51%): mp
120.4-122.7°; 1H NMR (CDCI3)88.52 (s, 1H), 8.35 (d,
J=9Hz, 1H), 7.94 (d, J=9 Hz), 7.51 (d, J=9 Hz, 2H),
7.28 (q, J=16 Hz, 2H), 6.95 (d, J=9 Hz), 3.86 (s, 3H);
13C NMR (CDCl3)ppm 160.669, 145.561,143.022,
136.361,128.812, 128.438, 128.005, 127.502,
127.251,126.439, 129.315, 121.961,121.864, 120.953.
119.581, 114.318, 55.278.

{+)-2-(a-methylbenzyl)amino-5-nitropyridine
(MBANP)

MBANTP, a well known single crystal NLO material,
was prepared by the method disclosed by Twieg et al.
Poly. Prep., 23(2), 147 (1982).

1,3-dimethyl-2,2-tetramethylene-5-nitrobenzimidazo-
line NEEDLE)

In a 250 mL round bottom flask was placed 3,4-bis(-
methylamino)nitrobenzene (0.905 g, 5.0 mmol), ethyl
acetate (125 mL), cyclopentanone (2.10 g, 25.0 mmol)
and toluenesulfonic acid hydrate (25 mg). The resuiting
solution was boiled on a steam bath for one hour and
then silica gel (10 g) was added and the slurry concen-
trated to dryness. This mixture was placed at the top of
a silica gel column and eluded with a gradient of ethyl
acetate in hexane (0—18%). Fractions containing pure
product were combined and concentrated and recrys-
tallized from a mixture of isopropyl ether and dichloro-
methane to give black glistening needles (1.09 g, 87%):
mp 104.8-107.7; TH NMR (CDCl3) §7.66 (dd, J=2 Hz,
8 Hz, 1H), 6.80 (d, 2 Hz, 1H), 5.95 (d, 8 Hz, 1H), 2.88 (s,
3H), 2.81 (s, 3H), 1.90-2.05 (m, 4H), 1.66-1.89 (m, 4H),
13C NMR (CDCl3) ppm 140.016, 139.997, 138.779,
118.792, 98.654, 97.471, 95.557, 34.132, 27.954, 27.811,
26.063.

3-fluoro-4-N,N-diethyl-3-methyl-B-nitrostyrene
(F-DEAMNST)

In a 500 mL round bottom flask equipped with stirbar
and nitrogen bubbler was placed 3-fluoro-4-N,N-die-
thylaminobenzaldehyde (5.868, 30 mmol), methanol (75
mL), nitroethane (4.50 g, 60 mmol) and EDDA (540
mg, 3.0 mmol). The resulting solution was stirred at
room temperature for 3 days at which time only a trace
of starting aldehyde remained. Silica gel (158) was
added to this solution and the slurry concentrated to
dryness by rotary evaporation. This mixture was placed
at the top of a silica gel column and eluded with a gradi-
ent (0—-4%) of ethyl acetate in hexane. Fractions con-
taining pure product were combined and concentrated
to give a yellow-orange oil (5.82 g, 76%): 'H NMR
(CDCl3)67.97 (s, 1H), 7.06~7.16 (m, 2H), 6.78-6.88 (m,
1H), 3.31-3.46 (m, 4H), 2.46 (d, J=1 Hz, 3H), 1.18 (4,
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J=7 Hz, 6H); 3C NMR (CDCl3) ppm 152.490 (d,
J=244 Hz, 139.677 (d, J=7 Hz),133.205 (d, J=2 Hz),
127.940 (d, J=2 Hz), 121.577 (d, J=8 Hz), 118.283 (4,
J=24 Hz), 117.043 (d, J=5 Hz), 45.805 (d, J=5 Hz),
14.035, 12.922. Anal. Caled for C13H;7FN203: C, 61.89;
H, 6.79; N, 11.10; F, 7.53. Found: C, 61.38; H, 6.76; N,
11.02; F, 7.45.

Specific examples of the process of the present inven-
tion comprising different charge transporting poly-
mer/NLO  chromophore/sensitizer ~ combinations
which satisfy of the claims are as follows:

EXAMPLE 2—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, (Aldrich Chemical
Company, secondary  standard, M,,=100,000,
M,=38,000), 19 mg of the chromophore F-DEANST,
and 0.9 mg of the sensitizer TNF. The solution was
deposited on two glass plates coated with 120 nm of the
transparent conducting material indium tin oxide (ITO).
The polymer mixture was dried under ambient condi-
tions for 16 hours and at 50 C at a pressure of less than
30 mTorr for an additional 6 hours. The coated plates
were then heated at 140 C for 2 minutes and the plates
were pressed together to seal the polymer mixture be-
tween them. The .plates were held parallel by means of
125 pum Mylar spacers placed at the edges of the plates.
The optical absorption coefficient of the resulting sam-
ple was measured to be 1.4 cm—! at 753 nm.

Photoconductivity was demonstrated by placing 500
V bias across the sample and measuring the increase in
the current when the sample was irradiated with 100
mW of monochromatic 753 nm light with a spot size of
3 mm. From this the photoconductivity per unit light
intensity o/I was determined to be 1.3 X 10—13(Qcm)3!
1(W/cm?2). The electrooptic effect in the polymer was
determined by means of an interferometric technique
which measures the change in the index of refraction as
a field is applied across the sample. The product of the
index of refraction cubed and the electrooptic coeffici-
ent y13 was determined to be 0.43 pm/V at a wave-
length of 830 nm with a bias field of 2000 V across the
sample.

The photorefractive effect was demonstrated by
means of observing the formation of an index grating
and the asymmetric two-beam coupling (2BC) tech-
niques discussed above. As is well-known in the art, the
formation of the index grating can be detected by mea-
suring the power in a beam that is generated by optical
diffraction from the grating, and dividing this power by
the power in the probing beam to determine a diffrac-
tion efficiency. The operating wavelength in both mea-
surements was 753 nm. When a bias field of 4000 V was
placed across the sample, a peak diffraction efficiency
of 7=4.5X10—4 was observed in the diffraction effi-
ciency measurement. At the same field the 2BC was
observed to be asymmetric with a gain coefficient of
I'=7.0 cm—!. Therefore the process produced a net
internal gain of 5.6 cm—1.

EXAMPLE 3—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore PDCS, and 0.9 mg of the sensitizer TNF. A sam-
ple was prepared from this solution as described in
Example 1. The optical absorption coefficient of the
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sample was measured to be 2.3 cm—1. Under the condi-
tions described in example 1, o-/I was determined to be
7.6X 10-14(Q¢m)—1/(W/cm?) and n3yj3 was deter-
mined to be 0.23 pm/V.

The photorefractive effect was demonstrated by mea-
surement of the diffraction efficiency from the index
grating and the two-beam coupling gain coefficient.
The operating wavelength in both measurements was
753 nm. When a bias field of 4000 V was placed across
the sample,
n=3.7X 10—3 was observed. At the same field the 2BC
was observed to be asymmetric with a gain coefficient
of I'=7.8 cm—1. Therefore example had a net internal
gain of 5.5cm—1.

EXAMPLE 4—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore MBANP, and 0.9 mg of the sensitizer TNF. A
sample was prepared from this solution as described in
Example 1. The optical absorption coefficient of the
sample was measured to be 0.9 cm—. Under the condi-
tions in example 1, o/ was determined to be
3.8X 10— 14(Qcm)—1/(W/cm?) and ndy;3 was deter-
mined to be 0.07 pm/V.

The photorefractive effect was demonstrated as de-
scribed in Example 1. The operating wavelength in was
753 nm. When a bias field of 4000 V was placed across
the sample, a peak diffraction
n=1.7X 10—% was observed. At the same field the 2BC
was observed to be asymmetric with a gain coefficient
of I'=2.6 cm—1. Therefore this example produced a net
internal gain of 1.7 cm—1.

EXAMPLE 5—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore MTFNS, and 0.9 mg of the sensitizer TNF. A
sample was prepared from this solution as described in
Example 1. The optical absorption coefficient of the
sample was measured to be 0.6 cm—1. Under the condi-
tions described in example 1, o/l was determined to be
8.5X 104(Qcm)—14/(W/cm?) and ndyj;3 was deter-
mined to be 0.15 pm/V.

The photorefractive effect was demonstrated by
means of the methods described in Example 1 discussed
above. The operating wavelength was 753 nm. When a
bias field of 4000 V was placed across the sample, a peak
diffraction efficiency of 7==1.2 X 10—5 was observed. At
the same field the 2BC was observed to be asymmetric
with a gain coefficient of I'=1.2 cm—!. Therefore this
example had a net internal gain of 0.6 cm—1.

EXAMPLE 6—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore F-DEANST, and 0.1 mg of the sensitizer Cgo. A
sample was prepared from this solution as described in
Example 1. The optical absorption coefficient of the
sample was measured to be 0.9 cm—!. Under the condi-
tions described in example 1, o-/I was determined to be
5.2X10~14(Qcm)—1/(W/cm?2) and n3y;3 was deter-
mined to be 0.38 pm/V.

The process of the present invention was demon-
strated using an operating wavelength of 753 nm. When
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12
a bias field of 4000 V was placed across the sample, a
peak diffraction efficiency of m=1.1X10-3was ob-
served. At the same field the 2BC was observed to be
asymmetric with a gain coefficient of '=9.0 cm—.
Therefore this example had a net internal gain of 8.1
cm—1,

EXAMPLE 7—Process

To 0.25 m!l of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 38 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore F-DEANST, and 0.1 mg of the sensitizer pery-
lene-dci. A sample was prepared from this solution as
described in Example 1. The optical absorption coeffici-
ent of the sample was measured to be 0.3 cm—1. Under
the conditions described in example 1, o/ was deter-
mined to be 8.0X 10—1/(W/cm?2) and ndy;3 was deter-
mined to be 0.48 pm/V. :

At an operating wavelength of 753 nm, when a bias
field of 4000 V was placed across the sample, a peak
diffraction efficiency of n=4.0 X 10—5 was observed. At
the same field the 2BC was observed to be asymmetric
with a gain coefficient of I'=2.3 cm~1. Therefore this
example had a net internal gain of 2.0 cm—1.

EXAMPLE 8—Process

To 0.25 ml of the solvent mixture toluene/cyclohexa-
none (80%/20% by volume) was added 33 mg of the
hole transporting polymer PVK, 19 mg of the chromo-
phore NEEDLE, and 0.1 mg of the sensitizer Cgp. A
sample was prepared from this solution as described in
Example 1. The optical absorption coefficient of the
sample was measured to be 4.0 cm—!. Under the condi-
tions described in example 1, o-/I was determined to be
6.1X 10— 14(Qcm)—1/(W/cm?) and n3y;3 was deter-
mined to be 0.24 pm/V.

The net gain process was demonstrated as described
in Example 1. The operating wavelength was 753 nm.
When a bias field of 4000 V was placed across the sam-
ple, a peak diffraction efficiency of 7=1.5X10—3 was
observed. At the same field the 2BC was observed to be
asymmetric with a gain coefficient of I'=10.3 cm—1.
Therefore this example of the process yielded a net
internal gain of 6.3 cm—1

EXAMPLE 9—Process

To 1.0 m! of the solvent anisole (methoxybenzene)
was added 42 mg of the hole transporting polymer
poly(n-butoxyphenylethylsilane), 28 mg of the chromo-
phore F-DEAMNST, and 0.14 mg of the sensitizer Ceo.
The solution was deposited on two glass plates coated
with 120 nm of the transparent conducting material
indium tin oxide (ITO). The polymer mixture was dried
at 95 C at atmospheric pressure for 1 hour. The coated
plates were then pressed together at 95 C to seal the
polymer mixture between them. The plates were held
parallel by means of 175 um glass spacers placed at the
edges of the plates. The optical absorption coefficient of
the resulting sample was measured to be 0.2 cm—!at 753
nm.

The photorefractive effect was demonstrated by
means of the methods described above at an operating
wavelength of 753 nm. When a bias field of 2000 V was
placed across the sample, a peak diffraction efficiency
of 71=1.6X10—* was observed. At the same field the
2BC was observed to be asymmetric with a gain coeffi-
cient of I'=1.6 cm—1. Therefore this example had a net
internal gain of 1.4 cm—L
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Although this invention has been described with total absorption of radiation by the optical article at
respect to specific embodiments, the details thereof are wavelengths greater than 700 nm;
not to be construed as limitations for it will be apparent b. means for forming two intersecting beams of co-
that various embodiments, changes, and modifications herent electromagnetic radiation having wave-
may be resorted to without departing from the spirit 5 lengths greater than 700 nm in the article;
and scope thereof, and it is understood that such equiva- c. means for applying an external electric field to the
lent embodiments are intended to be included within the article; and
scope of this invention. d. means for impressing spatial information on one of
We claim: the beams.
1. A holographic storage device comprising: 10 2. The device of claim 1 further comprising means for
a. a photographic polymeric optical article having a controlling the phase of the beams.
change in index of refraction per unit of applied 3. The device of claim 1 further comprising means for
external electric field of greater than 0.1 pm/V and controlling the angle of the beams.
comprising at least 50% by weight of a charge 4. The device of claim 1 wherein said nonlinear chro-

transporting polymer having an absorption coeffi- 15 mophore is 2-(a-methylbenzyl)amino-5-nitropyridine,
cient at wavelengths greater than 700 nm of less 3-fluoro-4-N,N-diethylamino-B-nitrosytrene or 2-tri-
than 0.1 cm—1, a nonlinear chromophore and a fluoromethyl-4-nitro-4'-methoxystibene.

sensitizer, which provides at least about 70% of the * % % x %
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